We have studied the boron ͑B͒ diffusion in MgO/CoFeB bilayer by x-ray photoelectron spectroscopy depth analysis. A large concentration of B ͑B / Mg= 0.16͒ was found to diffuse into the MgO barrier after 350°C annealing. The boron in MgO is in a highly oxidized B 3+ state and is homogenously distributed in the whole barrier. The important B diffusion in MgO could be related to the CoFeB crystallization process which begins from the under CoFeB/Ru interface and pushes boron atoms to diffuse into the MgO barrier during annealing.
I. INTRODUCTION
Magnetic tunnel junctions ͑MTJs͒ based on crystalline MgO͑001͒ barrier are now considered as a key for nextgeneration data storage devices and sensors because of their giant tunneling magnetoresistance ͑TMR͒ effect at room temperature.
1,2 Djayaprawira et al. 3 have first reported that the polycrystalline CoFeB/MgO/CoFeB based MTJs prepared by magnetron sputtering, which are suitable for mass production, show a TMR larger than 200%. In these MTJs, high temperature annealing is a key factor to obtain high TMR. During annealing the amorphous CoFeB electrode in the as-deposited state becomes crystallized to ͑001͒ texture by the MgO barrier. 4 The resulting CoFeB͑001͒//MgO͑001͒// CoFeB͑001͒ band structure symmetry is responsible for this giant TMR effect. 5 Due to the low solubility of B atoms in the CoFe matrix ͑Ͻ1%͒, the crystallization process requires to reject B atoms from the CoFeB layer during the annealing. Recent studies suggest that MgO can act as a sink, absorbing B atoms from the CoFeB layer, and so initiating the crystallization of CoFeB electrode during annealing. 6 Therefore, it is critical to study the B diffusion mechanism and its distribution after annealing. It should lead to a better knowledge of the CoFeB crystallization process which is one of the key parameters for high TMR junctions.
Several groups have studied B diffusion in MgO MTJs by different techniques including x-ray photoelectron spectroscopy ͑XPS͒, electron energy-loss spectroscopy ͑EELS͒, and three-dimensional atom probe ͑3DAP͒ techniques. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, different conclusions came out from the experiments. Some groups reported that a considerable quantity of B diffuse into the MgO barrier after annealing, [6] [7] [8] [9] [10] [11] while some others observed that boron tends to segregate at the MgO/CoFeB interface and form BO x after the crystallization of CoFeB layer. [12] [13] [14] [15] Moreover, recently, the group of Miyajima et al. 16 found that the crystallization of CoFeB layers was strongly dependent on the capping materials. B mainly diffuses to the capping layer and barely to the MgO layer.
In this paper, we present a detailed study of B diffusion and distribution in a MgO/CoFeB bilayer by using XPS depth analysis. It is found that a large concentration of B ͑B / Mg= 0.16͒ diffuses into MgO barrier rather than being accumulated at the MgO/CoFeB interface after 350°C annealing. The boron in MgO has a highly oxidized B 3+ state and it homogenously distributes in the whole barrier. Finally, we will discuss the implication on the CoFeB crystallization process as well as on the nature of the defects in the MgO barrier clarified by our results on B diffusion.
II. EXPERIMENT
We deposited the thin films onto a thermally oxidized Si͑001͒ wafer using a magnetron sputtering system with a base pressure about 5 ϫ 10 −8 mbar. 20 4/MgO 2/Ta 10. The metal layers were deposited under an Ar pressure of 2.5ϫ 10 −3 mbar by dc sputtering, while the MgO layer was deposited by rf sputtering directly from a sintered MgO target under an Ar pressure of 4 ϫ 10 −2 mbar. The detailed growth condition can be found elsewhere. 17 The sample is cut into two pieces and one of them is annealed at 350°C for 1 h in ultrahigh vacuum prior to the XPS depth analysis. XPS analyses were performed under a base pressure of 7 ϫ 10 −8 Pa using a VSW Scientific Instruments HA100 spectrometer with a multichannel detection. Al K␣ ͑1486.6 eV͒ was used as the x-ray source. The pass energy of the hemispherical detector was kept at 44 eV. All spectra are refer-enced to the analyzer Fermi level. Ar + ion sputtering ͑of 4 kV energy͒ with a rate about 0.4 nm/min was performed to remove the 10 nm Ta protecting layer and carry out the depth analysis. To ensure the homogeneity of ion sputtering, we adopted a 45°incident angle and swept the sample with 1 Hz frequency. Atomic force microscopy measurement reveals that the root-mean square roughness of our sample after Ar + sputtering is less than 0.5 nm in a 2 ϫ 2 m 2 scan area.
III. RESULTS
A. In-depth analysis and the sensitivity of Mg KLL signal Figure 1 shows the XPS spectra in large scale with different sputtering time. The main peaks have been identified and marked in the figure. Within 26 min of sputtering time, the spectrum features only concern the top three layers in the sample, which is schematically shown in the inset of Fig. 1 . In fact, due to the surface oxidation, the top of Ta layer is oxidized to be TaO x , which is estimated to be 2-3 nm. To carry out the depth analysis, one critical point is how to detect the MgO barrier and control the sputtering depth. Due to the large illumination of the sample and sample holder by x-rays combined both with a slight inhomogeneity of sputtering and redeposition problems on the sample holder, the signals of Ta and oxygen always exists, so they cannot be used to determine the end of the Ta layer for the former or identify the beginning of the MgO layer for the latter signal. We then focus on the signal of Mg. With Al K␣ x-ray source, four kinds of Mg signals can be collected: Mg 1s, Mg KLL, Mg 2s, and Mg 2p with kinetic energy ͑KE͒ positions at 176 eV, 1176 eV, 1391 eV, and 1431 eV, respectively. For Mg 1s, due to the large difference of KE compared with B 1s ͑KE: 1296 eV͒, which is used to analyze the B diffusion, the error introduced by the different mean free paths ͑Mg 1s : ϳ 0.8 nm, B 1s : ϳ 2.4 nm͒ ͑Ref. 18͒ cannot be negligible. For Mg 2s and Mg 2p, their signals are relative small and usually are mixed with signals of Fe 3s and Fe 3p from the under CoFeB layer, respectively. Therefore, they are also not suitable for the detection of the MgO layer. Fortunately, we have found that Mg KLL signal is very sensitive to detect the MgO barrier and to control the sputtering depth in the sample, as marked in Fig. 1 with dashed square. Moreover, the KE of Mg KLL is close to that of B 1s, thus their mean free paths of photoelectron are almost the same, which also favors the depth analysis of B diffusion. Figure 2 shows the spectrum of Mg KLL with different sputtering time. It is clearly found that the MgO related Mg KLL signal appears after sputtering 20 min and it increases to a maximum after 24 min of sputtering. Then the Mg KLL signal quickly decreases at 26 min and disappears at 30 min of sputtering. In addition, a slight shift in about 0.6 eV toward higher KE of this signal was found from 20 to 26 min during sputtering the MgO layer. While the same trend is observed on the B 1s "oxide" component ͑see below͒, we did not find this shift from the O 1s signal nor from the Mg KLL signal in the sample studied before annealing ͑see, Sec. III C͒. Therefore, this shift might reflect the MgO compositional change near the interfaces.
B. Boron distribution in the MgO barrier
The B 1s spectra were also collected from sputtering time 22 to 30 min, as indicated by the Mg KLL signal. Because the B 1s signal is very weak, we need to increase a lot the scan number and dwell time to increase the signal to noise ratio. After sputtering 22 min to remove the Ta protecting layer, the B 1s signal becomes strong enough to be collected. Figure 3͑a͒ shows the B 1s spectra after different sputtering time. The energy scale is changed to binding energy ͑BE͒ for easy comparison with other results in the literature. The B 1s signal from a 50 nm CoFeB sample oxidized by oxygen plasma is also shown in Fig. 3͑a͒ as a reference for the positions of metallic and oxidized B. A Shirley background has been subtracted from all the spectra and their heights are normalized to a constant value. Two components in the B 1s spectra can be distinguished. The lower BE one at about 188 eV is assigned to the metallic B from the bottom CoFeB layer. The other peak at about 193 eV can be assigned to the oxidized B in the MgO layer induced by B diffusion from the CoFeB layer. The integrated intensity of each B component, extracted by carefully fitting the B 1s spectra, is plotted in Fig. 4 as a function of sput- Further analyzing the peak position in Fig. 3͑a͒ , we can find that the position of B oxide between 22 and 24 min sputtering time is almost constant and shifted by about 1 eV to higher BE compared with the B oxide position in the reference sample, which agrees with the results of Read et al. 7 The higher BE means that the B in MgO is in a higher oxidation state, closer to B 3+ , than B of the boron oxide in the oxidized CoFeB layer ͑BO x ͒. This B 1s position in MgO also agrees with the value measured by Ong et al. 19 on B 2 O 3 ͑Ϫ193.6 eV with respect to the Fermi level͒. The shift in B oxide position from 24 to 30 min indicates the change in the distribution of B oxide from inside of the MgO layer to the under CoFeB layer. The B oxide position after 30 min sputtering is found exactly the same as the reference sample. Now we can conclude that even though there might exist a small B oxide proportion at the interface, B oxide is mostly homogeneously distributed in the MgO barrier. Moreover, we found a very slight shift in the position of the metallic B 1s component ͑about 0.2-0.3 eV͒ to the higher BE side from 22 to 30 min. This position at 30 min sputtering time is also found to be same as the reference sample.
C. Depth analysis of the sample before annealing
For the depth analysis, some authors have reported ion radiation-enhanced diffusion ͑IRED͒ and segregation up to several nanometers during the Ar + sputtering process. 20 If this effect exists in our analysis, i.e., if B diffusion occurs due to sputtering, it could lead to misinterpretation of the results. To check this point, we have also performed the depth analysis in the similar sample before annealing. We have used another XPS system with a KRATOS Axis Ultra electron energy analyzer operating with a monochromatic Al K␣ source. The sample was sputtered by using a focused Ar + beam of 5 kV on a 3 ϫ 3 mm 2 window to remove the Ta protecting layer. Figure 3͑b͒ shows the B 1s spectra after different sputtering time. Nevertheless, the sputtering rate is different from the previous experiment and also the spectrum width is much smaller due to the use of the monochromatic Al K␣ source. After sputtering 42 min, the Mg KLL signal 
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reaches a maximum, which indicates the sputtering in the MgO layer. The reference sample of oxidized CoFeB is also measured for comparison. Due to charging effect of this strongly oxidized sample, its spectrum has been shifted to obtain the coincidence of the metallic B 1s position. It is clearly found that only one metallic B 1s component from the bottom CoFeB layer during all sputtering process. This gives a strong argument that the B oxide found in the annealed sample is due to the B diffusion after the annealing. It also rules out the influence of the IRED effect in our samples during sputtering. From the XPS experiment it can be concluded that before annealing, there is no B diffusion in the MgO barrier and very small oxidization at the MgO/CoFeB interface, which is on the contrary to a recent study of B distribution by 3DAP, showing that an important B diffusion occurs even before annealing. 15 Moreover, the metallic B position energy is also shifted in about 0.2-0.3 eV to the higher BE side from 34 to 56 min, in agreement with the result obtained on the sample after annealing. At the moment, we have no definitive explanation for this shift. It cannot be due to the B diffusion in MgO but perhaps to the presence of a small amount of fixed charge ͑charged defects͒ in the MgO layer.
D. Determination of the B concentration in the MgO barrier and its distribution in the CoFeB layer
Finally, it is important to quantify the concentration of B that has diffused into the MgO barrier after annealing. Normally, Auger peaks are very broad and they have no regular shape. So it is difficult to estimate the integrated intensity and define the sensitivity factor. Therefore, no sensitivity factor for Mg KLL can be found in the XPS database. Here we need to analyze Mg 2s signal ͑Mg 2p signal has a strong background influenced by the Ta 4f signal͒, even if it is mixed with the Fe 3s signal from the bottom CoFeB layer. Figure 5 shows the deconvolution of Mg 2s, Co 3s, and Fe 3s spectra for different sputtering time. During the fitting procedure, the width and asymmetry of Co 3s and Fe 3s spectra were fixed to be the same. The intensity and peak position of Mg 2s varies according to the Mg KLL signal ͑shown in Fig. 2͒ . After fitting, we can extract the separate contributions of Mg 2s, Co 3s, and Fe 3s.
The quantity of B diffusion in the MgO barrier then can be estimated from the data after sputtering 22 to 24 min, as shown in Table I . The ratio of B/Mg is deduced from the areas of the B 1s oxide component and Mg 2s signal including their corresponding sensitivity factors ͑B 1s: 0.486 and Mg 2s: 0.575͒. 21 The ratio of B/Mg is found to be 0.16Ϯ 0.01 in the MgO barrier. The relative constant values mean that the B concentration in MgO is almost homogenous.
Moreover, the contribution of Co 3s and Fe 3s fitted in Fig. 5 allow us to investigate the B distribution in the CoFeB underlayer, which is plotted in Fig. 6 as function of sputtering time by taking account of the corresponding sensitivity factors ͑Co 3s: 0.818, Fe 3s: 0.745, and B 1s: 0.486͒. 21 Here the metallic B 1s component extracted from the fit in Fig. 3͑a͒ is used for 
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tween 26 and 30 min of sputtering time but not between 24 and 26 min sputtering time. Then, as we will discuss below, the process of crystallization of the CoFeB layer may also play an important role in this boron concentration reduction.
IV. DISCUSSIONS

A. Influence of CoFeB crystallization process to the B diffusion
Our results clearly show that a large concentration of B diffuse into the MgO barrier rather than being accumulated at the CoFeB/MgO interface after annealing at 350°C. Recently, Miyajima et al. 16 studied the crystallization and boron distribution in CoFeB/MgO/CoFeB MTJs by high-resolution transmission electron microscopy and EELS. They have reported that B mainly diffuses to the capping layers and barely to the MgO layers with increasing annealing temperature. The discrepancy of their conclusions with ours may be due to the different crystallization process of the bottom CoFeB electrode. In our previous work, 17 it was observed that the bottom CoFeB electrode in our MTJs is always ͑011͒ textured after annealing. However, in the work of Miyajima et al., the top and bottom electrodes are both ͑001͒ textured. In fact, the different textures of the bottom CoFeB layer reflect different crystallization processes. The ͑001͒ texture means that the crystallization begins at the MgO/CoFeB interface, while the ͑011͒ texture indicates that the crystallization starts from the under CoFeB/Ru interface.
This assumption can be highlighted through the analysis of the B distribution in the bottom CoFeB layer as shown in Fig. 6 . At the MgO/CoFeB interface, the concentration of B is found to be about 20%, while it decreases with the increase in sputtering time ͑especially at 26min͒. Due to the low solubility of B atoms in the CoFe matrix, the crystallization process requires to reject B atoms from the CoFeB layer during annealing. 6 The crystallization from the under CoFeB/Ru side pushes B to diffuse toward the upper MgO barrier. Therefore, a large concentration of B is found in the MgO layer. On the contrary, in Miyajima's work, the crystallization starting from MgO/CoFeB side pushes B toward the under Ru layer, so that few B was found in the MgO barrier. From the view of lattice mismatch, the mismatch of MgO͑001͓͒100͔//CoFe͑001͓͒110͔ ͑3.7%͒ is smaller than that of Ru͑001͓͒110͔//CoFe͑011͓͒100͔ ͑Ϫ5.6% in CoFe͓100͔ direction and 15.8% in CoFe͓011͔ direction͒. It emphasizes the critical role of the MgO/CoFeB interface in competition with the under interface ͑CoFeB/Ru in our case͒ to initiate the crystallization of the CoFeB and its influence on the B diffusion.
B. Defects in the MgO barrier
Because boron resides with difficulty in the CoFe matrix, 22 the defects in the MgO barrier seems to be another important factor to accelerate the B diffusion into MgO during annealing. In fact, Read et al. 7 and Cha et al. 8 have found that B diffusion is very dependent on the growth method. B diffusion is more pronounced in rf-sputtered MgO layers than for e-beam evaporated MgO. Generally, for the e-beam evaporated MgO, oxygen vacancy is the main defect. In case of sputtered-grown MgO, Mg vacancy also plays an important role. 23 In addition, Choi et al. 24 have also evidenced ionic oxygen interstitial defects in the sputtered MgO barrier. We have, therefore, checked the stoichiometry of our MgO barrier with nano-Auger depth analysis ͑not shown͒. The ratio of Mg/O is found to be about 0.93, which indicates a small excess of oxygen compared to magnesium. The ratio of Mg/O does not change evidently before and after annealing. This might also explain why B diffusion is so pronounced in our MgO layer.
From our XPS results, we demonstrated that the diffused B inside MgO is in a highly oxidized state ͑B 3+ ͒. It leads to two possibilities: ͑i͒ B could be in a substitutional position, occupying the Mg vacancies to form a ͑MgO͒ x ͑B 2 O 3 ͒ y compound 11 or ͑ii͒ it could be in the amorphous form of B 2 O 3 localized in the MgO grain boundaries. The large concentration of B distributed in our MgO layer after annealing agrees both with the claims of Read et al. 7 that an intermediate oxide Mg x B y O could form after the annealing procedure and with the recent study of boron distribution by Cha et al. by using EELS. 11 However, to end up this discussion, further experiments are required. In any case, the large concentration of B species in MgO should introduce a high density of defect states in the MgO band gap 10 and influence the transport property of the CoFeB/MgO/CoFeB MTJs as recently evidenced in our work.
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V. CONCLUSION
We have studied the B diffusion in MgO/CoFeB bilayer by XPS depth analysis. Mg KLL signal has revealed a very high sensitivity to detect the MgO barrier and to control the sputtering depth. Before annealing, no B species have been found in MgO, while a large concentration of B has diffused into the MgO barrier after 350°C annealing. The B in MgO has a highly oxidized B 3+ state and it homogenously distributes in the whole MgO barrier. The B/Mg ratio in MgO is estimated to be 0.16Ϯ 0.01 by the deconvolution of Co 3s, Fe 3s, and Mg 2s signals. The important B diffusion in the MgO could be related to the CoFeB crystallization process which begins from the under CoFeB/Ru interface and pushes B into the MgO barrier. In addition, the nonstochiometric MgO barrier before and after annealing, revealing the presence of defects, should also amplify the B diffusion during annealing. 
